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The following topics have been investigated during the thimd
six-mouth period:

l. Stochastic acceleration

2. Particle acceleration in astrophysics

3. A classification of instabilities

1. Stochastic Acceleration ( P. A, Sturrock)

The theory of stochastic acceleration, which was discussed
in Semi-annual Status Repoxrt No. 2, has been developed in more detail
in the nonrelativistic approximmtion. For simplicity, accelsration
parallel and transverase to the magnetic fileld have been considersd
separately. It has been shown that, in the "weak-field"” spproximation,
the apeel.eraﬁ;i.on process may be described by a Fokker-Planck equation.
The coefficients of this equation are expressible in terms of the
correlation functions for the electric field. In certain cases, these
" coefficients may be expressed in terms of the energy spactrum of the
field.

The relotionship of this theory to the quasi-linear theory of
instabilities and to the phenomenon of Landau damping has been investigated.
Since the physicel assumptions of the present theory of stochestic accel-
erstion are simple and direct, it is believed that this connection helps
to clarify the nature of the quasilinesr theory and of Landsu demping.
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It bas been found that, in the absence of any other effect (such
as "loading” of the accelerating field by the accelerated particle) the
transverse energy distribution tends towards a Maxwellian form vith a
temperature vwhich increases linearly with time. The sems is trus for
longitudinal acceleration if the spectrum of the electric field is flat
over the range of phase velocitles of interest.

The application of this acceleration process to the earth's bow
shock has been cousidered, and it has been found that the high energy
electrons observed in the transition region msy have been accelerated
by quite wesk rapdom or quasi-random electric fields.

For other astrophysical spplicationz,it will be necessary to
develop a relativistic theory of stochastic acceleration.

An sccount of this work hes been prepared as SULER No. 21



2. Particle Acceleration in Astrophysics { P. A. Sturrock ‘and D. E. Ball}
The presence of highly suprathermal particles is a well-known

phenomenon in astrophysics; promineat examples are to be found in

sypernova remnents, redio galaxies, cosmic rsys, and solar radio

bursts and the particle ejections sometimes associated with them. The

acceleration of these particles, ions as well as electrns, has not

been satisfactorily explained in any of these contexts. It seems likely

that these examples, even though they are of very differeat scales, may

be related by a common besic mechanism. Since the solar events offer

the greatest possibility for discriminsting among different ideas by

recowrse to0 observations, we hope that a study directed specifically

at thonre avonts mav atil]l menws tha hast kav +0 urilsrntandineg the
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general phenomenon.

The theory of particle acceleration which has dominated astrophysical
thinking of this problem for the past two decades is thet of Fermi
acceleration. This 1s a particular form of stochastic acceleration,
vhich {8 one of the principal items of study under this progrsa.

However, it is not certain that cosmic rays and high-energy electrons
are indeed accelerated Ly the Fermi mechanism, or even that the mechenism
is intrinsically atochastic, although it must be 20 to zome exteni. For
this reason, the present project has been renzmed "Particle Acceleration
in Astrophysics” to emphasize that one should study the available data
for guidance; and that one should ix:ep an open wipd as to whether or

not the acceleration mechanism {or mechanisms) will tulln out to be stochastic



The previous report describved in their primitive form two ideas
on this subject vhich we wvished to pursuwe. One of these was that a
solar flare might produce & sud{ien wrenching of a tube of magnetic flux,
and that if the tube extended into regions of much lower particle density
an Alfven “shock wave“travelling outward along it might produce acceler-
ation in a manver roughly analogous t¢ a whiplash. This idea has laln
dormant and is just nov receiving more detailed study.

The other idea was that of two-stage acceleration, and it has
been the center of our ettention during this period. This waz prampted
by the theory of Sturrcck and Cdppi,z in which 1% is predicted that an
electric field parallel to the magnetic field is generated Ly the instabil-
ity responsible for the flash phase of a solar Plare. The estimated
strength of this field was such that apprecisble runawgy acceleration
of electrons might take place, but much too small for amy such thing
to happen to ions. We proposed that runawey electrons, particularly if
following field lines vhich lead to reglons of much lower density,
might transfer appreciasble energy to a few favored ions through strong
charge-geparation fields. This is a3 onz-dimensionsl picture, but collective
and non-lirear, 80 it is practical to stuly it by means of s computer model.

We ha e developed a coamputer program for this pwrpose in vhich the
plasma is represented by two families of charge sheets moving in ome
dimension imder the influence of their self-consistent electric field.
The ion-to-electron charge and mass ratics may be varied . depesdently.
The sheets are advanced, ordinarily arocund ten time per plasma period,
aceording to the equations

vt + dat) = vl{t) + alx{t),t) dt,

x{t + at) = xft) + v{t + 4at) &t.



These reduce to the same correct form when dt — O as does the more
intuitive set which uses v(t) on the right-hand side of the seconmd
equation, but for finite dt owr choice eliminates an instability.
The simple form of the Coulomb field in one dimension means that
a(x,t) may always be found merely by knowing the net charge imbalance
on either side of x at time t; the distance at which the other
sheets lie does not matter. Now the desired model must make a cleer
distinction between runaway velocities and unavoidalle noise from the
finite-grain representation, and yet have the @awws take several
plasma periods to cross the region being observed; this leads to the

requirement that a lurge number of sheets be used. The method of
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sumes far too much time to be practical for more than a fev hundred
sheets, 80 we have used a method developed by Burger {Stanford Electronics
Laboratories, SEL 64-012) in vhich the sheets are sorted only into a
finite rumber of fixed bins. This has roughly the effect of giving

the sheets a finite thickness, and should not interfere with the st.dy

of events taking place over a scale much larger than the bin size. With
this method as many as 10,000 charge sheets can be advanced one step

in a time of order one second on the IB4 T090.

The principal output generated by this program is an automatic plot
of the space-time trajectories of any desired sampling of particles; this
is a most valuable visual aid for understanding how the consequences of
a given initial state will develop, and it may be supplemented vhenever
desired by a printout of other information. Velocity distributions in

particular are informative and easily done by the machine.




Preliminary tests of several initial conditions have been made with
charge ratio unity, mass ratio eight, and 1000 or fewer sheets. Whenever
runavay electrons are made to approach an edge where the background
density drops sharply it appears that many of the electrons are stopped
and that a distinct one-sided high-energy tall is devel.ped on the ion
velocity distribution. These results are promising, and we belleve that
the programming a8 it stands is adequate for proceeding with more detailed
study of this model. We consider, however, that it is necessary to
parallel these detailed calculations with qualitative studies of astro-
physical phenomena, to improve our Judgment as to whether this type of
mechanism will Jjibe with observations.

To this end we have been studying information about particle
acceleration by solar flares. There seems t0 bc a strong correlation
of energetic-particle events with Type II and IV radio bursts rather than
vith Type III bursts. 8ince Type III bursts are assoclated with fast
streams of electrons and Type Il and IV with much slover shock waves,
this must be considered a peint sagainst our two-stage acceleration
model. It also seems that an energetic-particle event is more likely

if a flare encroaches on the wumbra of a sumspot; this print as well and
the previous one favor the model based on the idea of sudden twisting

impulses applied to megnetic flux tubes, menticned at the beginning of
this section. We shall coniinue to look for other helpful observational

indications as we proceed.
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3. Classitication of Instabilities (P. A. Sturrock)

Stnce turbulence in plasmas will frequeutly, if not invariably,
originate in en instability, it is important to cousider the type of
excitation of a plasma which may follow an instability.

A great deal of detailled work along these lines has been done in
recent years as part of the "quasilinear” theory of the two-stream
instability, and certain other instabilities. dowever, ihere 15 uno
general theorem to the effect that the electrosiatic two-stream
instability is typical of all instabili.i¢s. Work on solar flares and
other explosive phenomena, wrder another contract, has indicated that
instabilities may be classified into two catego_ries , which are in
some sense "explosive" and"non-explosive”.

Once this question wae posed, it was realized that it is closely
related to studies of the stability of dynamical systems begun by
Poincard end continued by Jeanf, Lyttletons ard others.

In most vhysical systems and all astrophysical systems, one is
coucerned in fact with the onset of instability. That is, one must
copsider a system characterized by a parameter vhich is changing
slowly in time: wup to a certainm value p, of this parameisr 4y
the system is supposed to Tollow a stable series of equilibrivm ALELBE
beyond this value o the equilibiium states of interest beocme
unstable. This problem vas investigated by Poincaré ard others in
connection with the stability of rotating liquid masses. It was dis-
covered that when a "linear series” of equilibrium slates {enumerated by

the parameter ) chows a chanpe from stability Lo instability,
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at least two other linear series branch off from the primary series.
The simplest and most important cases are those in which just
two new linear series branch off from the original one and that
both series extend in the direction < B, or both series extend in
the direction p > pu,- These two cases are shown schematlcally in
Pig. 1 and Pig. 2. In the first case, the two additional series must
both be unstable; in the second case they must both be stable. The
first case represén;ps an explosive onéet of instability, whereas the
second case represents a nonexplosive onset of instebility.
The important difference detween these two cases is that, if
the onset of instabllity is explosive, there will be a sudden and finite
changs of state by the time | has increaéed beycnd the value P *
If the onset is nonexplosive, on the other hand, the system will
simply change from the original stable series to one of the two new
stable series when  ‘takes the velue  , aod the progress from
one state to the next is determived by the rate of change of the
paramefer TR

.6
These ideas have been set out in more detall in report SUIPR No. 36.
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